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ABSTRACT
Van Voorhis, Matthew T. MSME, Purdue University, December 2017. Implementation of Aftertreatment System to Enable Tailpipe Emissions Measurements of a
Variable Valve Actuation Enabled Camless Diesel Engine. Major Professor: Dr.
Gregory M. Shaver, School of Mechanical Engineering.
The experimental testbed used for engine testing at the Cummins Power Laboratory, located at Purdue’s Ray W. Herrick Laboratories, utilized a set of several
emissions analyzers and sensors in order to measure engine out emissions of a Cummins 2010 Inline Six B-Series (ISB) diesel engine equipped with a variable valve
actuation (VVA) system. To be able to simulate and/or measure the emissions at the
tailpipe of the system, an aftertreatment model needed to be created and a physical
aftertreatment system designed and implemented in the test cell. Tailpipe emissions
are essential for determining the usefulness of VVA-enabled strategies for meeting increasingly stringent emissions regulations set on engine manufacturers by the United
States Environmental Protection Agency (EPA) and other worldwide environmental
regulators.
An aftertreatment model was acquired from Cummins for use in the experimental
testbed. The aftertreatment model is able to take engine out emissions and temperature data to predict the thermal response and chemical conversion eﬃciencies of a
simulated aftertreatment system. This model was tested and validated using engine
out emissions and thermal data over the Heavy Duty Federal Test Procedure (HDFTP), a transient drive cycle used by the EPA to test diesel engines’ ability to meet
applicable emissions regulations.
A physical aftertreatment system was designed and implemented in order to obtain actual measurements of aftertreatment system thermal response and tailpipe out
emissions. This aftertreatment system was designed to meet a set of criteria decided

xv
upon by the Purdue research team and research sponsors. The aftertreatment system
is capable of running in two modes: passive and active operation. Passive operation
does not include active urea injection into the SCR. Active operation does include
active urea injection into the SCR, enabling tailpipe NOx to be measured. Both passive and active modes of operation were performed and validated over the HD-FTP
drive cycle using two baseline fuel injection proﬁles used by Cummins in ISB engine
applications.
While the aftertreatment system has been validated using two baseline fuel injection proﬁles, future work will include using more complex VVA-enabled strategies
such as cylinder deactivation and internal exhaust gas recirculation in combination
with the physical aftertreatment system in order to validate the beneﬁts of these
strategies on tailpipe emissions.
The scope of VVA-enabled diesel engine research in the Cummins Power Laboratory has expanded from engine out emissions to tailpipe emissions and aftertreatment
thermal response, thus being able to more accurately predict the ability for VVAenabled strategies to help engine manufacturers meet tighter emissions regulations.

1

1. INTRODUCTION
1.1

Motivation
As governments across the industrialized world continue to tighten regulations on

both fuel economy and emissions of diesel engines in all applications, engine manufacturers are constantly researching new technologies and strategies that can help
them achieve both increased fuel eﬃciency and reduce emissions. Emissions regulations target the amount of certain chemical species coming out of a vehicle’s tailpipe
in order minimize intentional impact on both the environment and personal health.
These emissions include carbon dioxide (CO2 ), nitrogen oxides (NOx ), unburnt hydrocarbons (UHC), and particulate matter (PM). In order to meet these stringent
emissions requirements, diesel engine manufacturers use aftertreatment (AT) systems
along with other engine-based strategies such as exhaust gas recirculation (EGR) and
cylinder deactivation (CDA)
Previously, the Cummins Power Laboratory (CPL) at Purdue University used
an aftertreatment model to estimate emissions at the tailpipe of a Cummins Inline
Six B-series (ISB) 6.7L diesel engine system. This aftertreatment model estimated
emissions by simulating the thermal response and chemical conversion eﬃciency of
a theoretical aftertreatment system. The results of this model were used to drive
research in favorable directions.
In order to validate new and promising strategies for reducing emissions, a physical aftertreatment system was designed and implemented in the Cummins Power
Laboratory. The aftertreatment system is composed of the diesel oxidation catalyst
(DOC), the diesel particulate ﬁlter (DPF), and the selective catalytic reduction system (SCR). A basic schematic of an aftertreatment system is shown below in Figure
1.1.

2

Figure 1.1. Basic schematic of an engine system with an aftertreatment system attached. Urea is injected before the SCR.

By implementing a physical aftertreatment system in the CPL, the aftertreatment
model could be veriﬁed and adjusted by also allowing actual tailpipe emissions data
to be gathered. Two modes of operation for the physical aftertreatment system
needed to be implemented and validated through testing: passive operation and active
operation. Passive operation does not have urea injection before the SCR, meaning
only the thermal response of the system could be directly measured. Active operation
does include active urea injection, allowing tailpipe NOx to be measured directly.
The aftertreatment system was validated through the use of various steady state
and transient data points. Most importantly, this includes the Heavy Duty Federal
Test Procedure (HD-FTP), which is a transient drive cycle used by the United States
Environmental Protection Agency (EPA) to ensure heavy-duty on-highway diesel engines mean emissions regulations. This drive cycle is a function of a given engine’s
torque curve. An example drive cycle is shown below in Figure 1.2.

3

Figure 1.2. Sample HD-FTP drive cycle. Cycle lasts 1200 seconds (20
minutes). Speed and torque ranges are determined based oﬀ engine’s
torque curve.

1.2

Experimental Testbed

1.2.1

Air Handling and Combustion Air

The Cummins Power Laboratory is ﬁtted with an air handling system capable
of ﬂowing 25,000 SCFM (standard cubic feet per minute). This is enough ﬂow rate
to completely change the air inside the test cell 203 times per hour, well above industry standard. Though the air inside the test cell is maintained at slightly below
atmospheric pressure, -12.4 Pa, high air turnover rate prevents toxic gas buildup. Air
ventilation is monitored through a web-based software called Niagara.
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Supplied combustion air is both humidity and temperature controlled, and is also
controlled with Niagara. A mechanical damper allows excess combustion air into the
test cell where it is cycled by the air handling system, ensuring that combustion air
remains at atmospheric pressure.

1.2.2

Heat Exchange

Cooling of engine charge air is achieved through the use of a Charge Air Cooler
(CAC) and associated heat exchanger. These systems are provided with chilled water
that is pumped into the test cell in order to facilitate heat exchange. Control of the
chilled water loop is provided through Niagara. The user has control over temperature
set point and diﬀerential pressure. Diﬀerential pressure acts as an indirect way of
controlling chilled water ﬂow rate. By default, temperature set point is set to 36 ◦ F
and diﬀerential pressure is set to 5.0 psi.
Engine cooling is achieved through a cooling loop composed of 30% glycol and
70% water that operates between the engine block and heat exchangers located on
the roof of the building that the test cell is located in. The heat exchangers on the roof
are only capable of maintaining outdoor ambient temperature as a result. However, a
proportional-integral-diﬀerentiation (PID) controller is able to maintain temperatures
above outdoor ambient temperature by bypassing some of the coolant ﬂow from the
heat exchangers on the roof. Control of the 30% glycol loop is also achieved through
Niagara. The user has control over temperature setpoint and diﬀerential pressure.
These values are set by default to 77 ◦ F and 20.0 in/wc (inches/water column) during
engine operation.

1.2.3

Dynamometer

The test cell is outﬁtted with an alternating current (AC) dynamometer by PowerTest. Use of an AC dynamometer allows for the transient drive cycles to be performed on the team’s engine. The AC dynamometer is rated to handle an engine
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with a maximum torque rating of 2,348 ft-lbs at 1,500 RPM, which is equivalent to
670 horsepower (HP). The dynamometer can control RPM up to 4,200 RPM while
maintaining the 670 HP limit.
The dynamometer is able to accept an input data ﬁle containing torque, speed,
ramp rate, and analog output voltage at a rate 5 Hertz. The analog output voltage
ranges from 0 to 5 Volts. This analog output allows the data-acquisition software,
described in section 1.3.6, to change the strategy being used on the engine depending
on which section of the drive cycle is currently being tested.

1.2.4

Engine Hardware

The engine hardware being used is a 2010 Cummins 6 cylinder ISB diesel engine,
which has been modiﬁed to allow for an electro-hydraulic variable valve actuation
(VVA) system. This modiﬁcation entailed removing the camshaft from the original
engine. Remaining engine components have not been modiﬁed.
The engine utilizes an externally-cooled exhaust gas recirculation (EGR) system
and a variable geometry turbocharger (VGT). The EGR system allows for exhaust
gas to enter the intake manifold, therefore acting as a thermal sink to reduce incylinder temperatures. This is mainly used to combat NOx emissions. The VGT
allows for control over how much energy is taken out of the exhaust gas to power the
compressor, allowing for ﬁne control of exhaust pressure and boost pressure. These
systems are both controlled by the engine’s electronic control module (ECM) and
are used to complement any novel strategies that are found throughout the course of
research. These systems are shown in Figure 1.3.

1.2.5

Variable Valve Actuation System

The variable valve actuation system is an electro-hydraulic system that allows for
cylinder-independent, cycle-to-cycle control of the engine’s intake and exhaust valves.
Control is given over parameters such as valve opening timing, valve closing timing,
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Figure 1.3. Schematic detailing the air pathways for a Cummins ISB
engine with VGT and externally-cooled EGR.

and valve lift. This is achieved through the use of 3000 psig hydraulic ﬂuid, servo
motors, and linear variable diﬀerential transformers (LVDT) in combination with a
dSPACE controller. The VVA system is detailed in Figure 1.4.
A closed-loop controller monitors the position of each valve, adjusting voltage to
match a designated valve proﬁle set by the user. The VVA system is also capable of
deactivating cylinders entirely, allowing for the implications of cylinder deactivation
to be explored thoroughly. A rigorous diagnostics system ensures that in the event
that a valve proﬁle deviates from its designated proﬁle, the system will automatically
retract all valves in an eﬀort to prevent possible damage to the valves and/or piston
head.
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Figure 1.4. Schematic detailing the VVA electro-hydraulic system.

1.2.6

Data Acquisition System

Data acquisition and system control is handled via a dSPACE controller in correlation with a MATLAB/Simulink control model. dSPACE is able to communicate
desired valve positions to the VVA system based on measured crankshaft position.
dSPACE is also used to record numerous parameters to allow for monitoring of engine
health and test cell conditions. This includes engine temperatures, engine pressures,
and exhaust pressures. Upwards of 86 signals can be recorded simultaneously at
frequencies up to 5 kHz.
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1.2.7

Measurements and Emissions Analyzers

In-cylinder pressures are measured through the use of Kistler 6067C and AVLQC34C pressure transducers mounted on each of the six cylinders. These measurements are then processed and crank angle referenced through an AVL 621 Indicom
module and an AVL 365C crankshaft position encoder.
Fresh airﬂow is measured using a laminar ﬂow element (LFE). The fuel ﬂow rate
is measured gravimetrically using a Cyrius Fuel Subsystem (CFS) sourced from Cybermetrix.
Carbon Dioxide (CO2 ) concentration is measured in both the intake manifold and
exhaust stream through the use of Cambustion NDIR500 analyzers. These analyzers
are fast-responding and suitable for transient operation. Nitrous oxides (NOx ) are
measured in the exhaust stream using a Cambustion fNOx400 analyzer. NOx and
unburnt hydrocarbons (UHC) concentrations are also measured using a California
Analytical Instruments (CAI) heated chemiluminescent detector (HCLD) and heated
ﬂame ionization detector (HFID) analyzer, respectively. Particulate matter (PM) in
the exhaust stream is measured using an AVL483 photo-acoustic transient analyzer.
Unless otherwise speciﬁed, all emissions measurements in the exhaust stream are
located upstream of the aftertreatment system.
Other data such as air pressure, temperatures, etc. are measured and logged using
various thermocouples and pressure transducers located in the engine and exhaust
systems. These variables are logged using the dSPACE software described above.
Some emissions data, such as NOx at the engine outlet, is also logged using stock
sensors on the engine.
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1.3

Heavy Duty Federal Test Procedure (HD-FTP) Explanation

1.3.1

EPA Standards for HD-FTP Drive cycles

The Heavy Duty Federal Test Procedure (HD-FTP) is a transient drive cycle
used by the United States Environmental Protection Agency (EPA) for regulatory
emissions testing of heavy-duty on-road engines. This cycle was designed to take into
account various operating conditions for heavy duty trucks, such as in-city traﬃc and
highway travel. This cycle speciﬁcally is composed of four sections [1]:
(1) New York Non Freeway (NYNF): Typical of light urban traﬃc with frequent
stops and starts. Features long periods of idling with short bursts of acceleration.
(2) Los Angeles Non Freeway (LANF): Typical of crowded urban traﬃc with few
stops.
(3) Los Angeles Freeway (LAFY): Simulates crowded expressway traﬃc in Los Angeles.
(4) New York Non Freeway (NYNF): Repeat of section (1)
The HD-FTP is deﬁned as a 1200 second long drive cycle that is given in terms of
normalized torque and normalized speed. These values must be converted into speed
and torque values based on the torque curve and curb idle speed of the engine being
tested. This procedure is described in CFR 40, Part 86.1333 [2]. The normalized
drive cycle is shown in Figure 1.5.
An HD-FTP emissions test is typically run as both a ”cold” and ”hot” start
test. ”Cold” starts refer to an engine test run with the engine block, coolant, and
aftertreatment systems all at ambient temperatures at the beginning of the cycle.
”Hot” starts refer to any other set of initial conditions. A standard HD-FTP emissions
test is composed of one (1) cold start HD-FTP drive cycle, followed by a 20 minute
soak period, then a minimum of three (3) consecutive hot start HD-FTP drive cycles.
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Figure 1.5. HD-FTP Normalized drive cycle. Composed of four sections.

Each hot start HD-FTP is preceded by a 20 minute soak period. Emissions and
fuel consumption results are determined using a weighted average of each drive cycle.
Cold starts have a weighting factor of 1/7, and hot starts have a weighting factor of
6/7 [3]. This lessens the impact of high emissions and fuel consumption during the
initial portion of the cold-start due to the engine system focusing on warming up the
aftertreatment system.

1.3.2

Application to Cummins ISB Experimental Testbed

In order to de-normalize the EPA-provided HD-FTP, the torque curve for the 2010
Cummins ISB engine in use in the test cell was used. Curb idle speed was set to 800
RPM, and idle torque set to 50 ft-lbs. The torque curve used is shown in Figure 1.6.
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Figure 1.6. 2010 Cummins ISB 6.7L Torque Curve.

This resulted in the following drive cycle for the HD-FTP, speciﬁc to the Cummins
ISB engine:

Figure 1.7. HD-FTP drive cycle speciﬁc to 2010 Cummins ISB engine.
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As described in section 1.3.1, the standard HD-FTP emissions test includes a
total of four HD-FTP drive cycles: 1 cold start followed by 3 successive hot start
drive cycles. However, due to concerns over putting the VVA system through this
many cycles, it was decided between the team and Cummins that one hot start would
be suﬃcient for research purposes. This means the following process will be used for
all HD-FTP tests done for this work unless otherwise speciﬁed:
(1) Overnight Soak
(2) Cold Start HD-FTP
(3) 20 minute Hot Soak
(4) Hot Start HD-FTP
A visual representation of this process is shown in Figure 1.8.

Figure 1.8. HD-FTP drive cycle test for team’s research purposes.

It is also important to note that all drive cycle emissions and fuel consumption
numbers in this work have been normalized in order to protect the sponsors’ intellectual property. Unless otherwise noted, results have been normalized by the engine
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out emissions and fuel consumption of an active operation Alpha 1 HD-FTP Baseline
cold start drive cycle. This baseline is described in more detail in Chapter 4.

1.4

Cummins Inline Six B-series Fuel Proﬁles
Two standard fueling proﬁles are used by Cummins for their production engines:

Alpha 1 and Chi 9. These fuel injection proﬁles are used to establish baselines for
the aftertreatment system, and are described in detail in the following sections.

1.4.1

Alpha-1

The Alpha 1 injection proﬁle is the default injection proﬁle once the engine is at
suitable temperature. This injection proﬁle features two injections, a pilot injection
and a main injection. The main injection occurs just before top dead center (TDC).
Figure 1.9 shows both the valve proﬁles used and the fuel injection proﬁles as function
of crank angle degree (CAD). Figure 1.9(b) also shows the beginning of the exhaust
stroke. This injection proﬁle in general has low fuel consumption and high NOx due
to lower turbine outlet temperatures.

(a)

(b)

Figure 1.9. Alpha 1 valve proﬁles (a) and fuel injections (b).
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1.4.2

Chi-9

The Chi 9 injection proﬁle is used to get the engine and aftertreatment system
up to optimal temperatures more quickly than Alpha 1 injection proﬁles. Valve
proﬁles are identical to Alpha 1 operation, however, Chi 9 utilizes two additional
post injections. Fuel injections also do not occur until after TDC, resulting in higher
fuel consumption but more thermal energy in the exhaust. Exhaust ﬂow rates are also
boosted by completely closing the VGT valve inside the turbocharger. The motivation
is that the high fuel consumption and NOx while the engine warms up is oﬀset by
the aftertreatment system reaching optimal temperatures more quickly, allowing the
more fuel eﬃcient Alpha 1 injection proﬁles to be used only to maintain temperatures,
rather than raise temperatures. In short, this injection proﬁle purposefully makes the
engine less eﬃcient in order to raise exhaust temperatures.

(a)

(b)

Figure 1.10. Chi 9 valve proﬁles (a) and fuel injections (b).

1.5

Aftertreatment Systems
The aftertreatment system is composed of three main components: the diesel oxi-

dation catalyst (DOC), the diesel particulate ﬁlter (DPF), and the selective catalytic
reduction (SCR) system. Each of these three components will be described in detail
in the following sections.
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In most applications, aftertreatment systems are composed of either two or three
separate components, connected together by exhaust piping. This applies to the
era of Cummins aftertreatment systems that is relevant for the Cummins 2010 ISB
engine used in the experimental testbed described in this chapter. However, companies such as Cummins have begun transitioning to a single module aftertreatment
system, shown in Figure 1.11. The Single Module aftertreatment system developed
by Cummins is designed to be 60 percent smaller and 40 percent lighter than their
previous 2013 aftertreatment system, while also improving the emissions reduction
performance [4]. While this technology is new, the direction of aftertreatment system
research towards more compact designs, such as Cummins’ Single Module system, is
clear.

Figure 1.11. Image of Cummins’ 2016 single module aftertreatment system..
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1.5.1

Diesel Oxidation Catalyst

The function of the DOC is to oxidize unburnt hydrocarbons (UHC) and carbon
monoxide (CO) to form carbon dioxide (CO2 ) and water (H2 O). The DOC is also able
to oxidize NO into NO2 (reducing the NO/NO2 ratio, which aﬀects both the DPF
and SCR) and aid in active DPF regeneration. Particulate matter in the exhaust can
be oxidized via a reaction with NO2 once the DOC has reached a temperature of 250
◦

C. At 500 ◦ C, particulate matter can also be oxidized by O2 . However, temperatures

of 500 ◦ C or greater are not seen often during the course of this work [5]. A visual
representation of a DOC is given in Figure 1.12.
Diesel Oxidation Catalysts have been in use since 1967. Currently, platinum and
palladium compose the majority of metals used in the DOC. These metals have good
oxidation performance and good thermal durability, as compared to more common
metals such as copper and nickel [6].

Figure 1.12. A typical diesel oxidation catalyst.

1.5.2

Diesel Particulate Filter

The DPF is a physical ﬁlter built to capture particulate matter as exhaust travels
through the ﬁlter. The ﬁlter operates by having a series of channels that are closed
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oﬀ at alternating ends from channel to channel. This forces the exhaust through the
ﬁlter, capturing almost all particulate matter and ash particles. However, the DPF
must be ”regenerated” in order to maintain the ﬁlter’s ability to properly capture
particulate matter. Regeneration occurs both passively and actively. Passive regeneration involves particulate matter being oxidized at temperatures above 250 ◦ C.
Active regeneration occurs by a similar oxidation reaction above 450 ◦ C and results in
a more thorough cleaning of the DPF. However, higher fuel consumption is required
to get the DPF to 450 ◦ C, and thus active regeneration is used only when necessary.
Frequent active regenerations can also lead to ash buildup in the DPF [5]. A visual
representation of a DPF is given in Figure 1.13.

Figure 1.13. A typical diesel particulate ﬁlter.

1.5.3

Selective Catalytic Reduction System

The SCR promotes the reaction between urea, NOx , and other species in order to
produce nitrogen gas and water. This reaction occurs with the use of a catalyst. Urea
is provided by injecting diesel exhaust ﬂuid (DEF) into the exhaust stream upstream
of the SCR. DEF is a solution of urea and water, generally 40% urea and 60% water
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by volume. The main chemical reactions are given in Equations (1.1) - (1.5). These
chemical reactions are dependent on the NO/NO2 ratio and Ammonia/NOx ratios.
6N O + 4N H3 → 5N2 + 6H2 O

(1.1)

4N O + 4N H3 → 4N2 + 6H2 O

(1.2)

3N O2 + 4N H3 → 3.5N2 + 6H2 O

(1.3)

2N O2 + 4N H3 + O2 → 3N2 + 6H2 O

(1.4)

N O + N O2 + 2N H3 → 2N2 + 3H2 O

(1.5)

The goal of the catalyst is to enable these reactions to take place at as low a
temperature as possible while maintaining maximum eﬃciency. Today’s catalysts
often achieve max eﬃciency near 200-250 ◦ C [5]. A visual representation of an SCR
is shown in Figure 1.14.
Brandenberger and Krocher summarized the existing state of ammonia-based SCR
systems in diesel engine applications [7]. They found that in the last decade, reduction
eﬃciencies upwards of 80-90% have been demonstrated in application. Catalysts
are often composed of vanadium oxides or metal zeolites, such as copper and iron
zeolites. However, vanadium oxide-based SCR catalysts have several issues, such as a
decrease in oxidation activity above 550 ◦ C and the volatilization of the toxic vanadia
species above 650 ◦ C. Thus, zeolites remain the focus of ammonia-based SCR catalyst
research.
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Figure 1.14. A typical selective catalytic reduction system.
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2. AFTERTREATMENT SYSTEM DESIGN AND IMPLEMENTATION
2.1

Aftertreatment Model

2.1.1

Description of Aftertreatment Model

The aftertreatment model used in the test cell was provided to the team by Cummins directly. This model provides thermal and chemical conversion predictions at
each junction of the aftertreatment system. This includes the inlet to the diesel oxidation catalyst (DOC), outlet of the DOC, outlet of the diesel particulate ﬁlter (DPF),
inlet of the selective catalytic reduction (SCR) system, and outlet of the SCR system.
For the sake of this model, the DOC and DPF are assumed to be a single unit, with
the outlet of the DOC being identical to the inlet of the DPF. Using Figure 1.1 as an
example, these locations correspond respectively to T1, T2, etc.

Figure 2.1. Zoomed-in image of aftertreatment example schematic
showing locations used by model.

The aftertreatment system takes as input various engine parameters that are
logged for each data point. These inputs include turbine outlet temperature, exhaust mass ﬂow rate, air-fuel ratio, NOx at engine outlet, unburned hydrocarbons
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(UHC) at engine outlet, and particulate matter (PM, aka soot) at engine outlet.
The model then uses these values to estimate heat transfer to the aftertreatment
components, therefore estimating temperature response and appropriate conversion
eﬃciencies. Though the model also allows for dosing of fuel prior to the DOC, this
capability was not utilized for this work. Initial temperature conditions for DOC,
DPF, and SCR are user-deﬁned. For the sake of this work, initial temperatures were
set to 25◦ C to simulate room temperature conditions. Pipe thickness, pipe wall temperature, pipe length, NO/NO2 ratio, ambient room conditions, and SCR conversion
eﬃciency is also user-deﬁnable. SCR conversion eﬃciency is described in more detail
in the following section.
The aftertreatment model uses these parameters to predict emissions at the tailpipe
of the simulated system. This includes simulated NOx , UHC, and particulate matter.
The model also outputs simulated aftertreatment component temperatures, conversion rates, gas temperatures, and amount of soot collected in the DPF. A ﬂow diagram
describing the aftertreatment model is given in Figure 2.2.

Figure 2.2. Zoomed-in image of aftertreatment example schematic
showing locations used by model.
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2.1.2

SCR Conversion Eﬃciency

The SCR system’s conversion eﬃciency of nitrous oxides into nitrogen and water
is temperature-dependent, catalyst-dependent, and a factor of other factors. For the
aftertreatment model provided by Cummins, a separate SCR eﬃciency curve was
provided by Eaton Corporation. This curve is shown in Figure 2.3.

Figure 2.3. SCR Eﬃciency curve provided by Eaton Corporation.

This SCR eﬃciency curve assumes the SCR does not begin converting nitrous
oxides until reaching 100 ◦ C and does not reach peak eﬃciency until 300 ◦ C . Eﬃciency
drops oﬀ after 400 ◦ C. As a result, it is vital to get the SCR system, and the rest
of the aftertreatment system, up to temperature as quickly as possible to reach peak
conversion eﬃciencies.
The model, by default, uses the SCR outlet temperature to determine the SCR
eﬃciency. This assumes that the exhaust gas and SCR catalyst are at the same
temperature. This is suﬃcient for the scope of this work.
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2.1.3

Performance over HD-FTP

In order to test the validity and usefulness of the aftertreatment model for research purposes, the aftertreatment model was used to predict tailpipe emissions and
aftertreatment temperatures over the HD-FTP. Tests included two baseline injection
proﬁles: Alpha-1 and Chi-9. These two baselines were chosen as they correlate with
the baseline drive cycles that Cummins uses on the 2010 ISB engine. This data was
then shown to Cummins in order for them to verify that results matched up with
what was expected of an aftertreatment system.
Each data point was composed of one HD-FTP drive cycle, then a 20 minute
long soak period, and concluded with another HD-FTP drive cycle. For the sake of
showing data here, only the data from the cold start drive cycle will be shown. The
full test data will be presented in Appendix A. Also, NOx emissions will be the focus
of emissions measurements for this work.
Figures 2.4 and 2.5 show the aftertreatment model’s predictions for aftertreatment
temperature response and tailpipe NOx for the cold start of an Alpha 1 baseline HDFTP test. It is apparent from Figure 2.4 that the thermal energy from the engine
takes a considerable amount of time to make its way downstream to the SCR. For
example, it takes 51.6 seconds for the DOC inlet to reach 200 ◦ C, while it takes
the SCR outlet approximately 513.4 seconds to reach 200 ◦ C. This disparity is due
to the thermal energy from the turbine outlet having to successively warm up the
thermal masses of the DOC, DPF, and SCR. Due to the amount of material that is
being simulated, components further downstream exhibit varying degrees of thermal
”lag.” This behavior matches up well with physical expectations of the aftertreatment
thermal response.
Figure 2.5 details the prediction of cumulative tailpipe NOx in comparison to the
measured cumulative engine out NOx . Using the SCR eﬃciency model provided by
Eaton, the SCR will not begin to convert NOx until the SCR has reached 100 ◦ C.
This threshold is visually seen when the curve for predicted cumulative tailpipe NOx
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”separates” from the curve for cumulative engine out NOx . Once the SCR reaches
300 ◦ C, at around 672 seconds, the SCR has reached peak eﬃciency of 96% and the
cumulative tailpipe NOx curve nearly levels oﬀ. Again, this behavior matches up well
with physical expectations of the SCR thermal and conversion response.

Figure 2.4. Predicted aftertreatment temperatures using Cummins
aftertreatment model. Alpha 1 baseline.

Figures 2.6 and 2.7 show similar predictions of aftertreatment thermal response
and tailpipe NOx for a Chi 9 baseline HD-FTP test. Though the thermal response of
the aftertreatment system is faster due to the elevated turbine outlet temperatures
and elevated exhaust ﬂow characteristics of Chi 9 operation, the same thermal lag
is observed as in the Alpha 1 baseline HD-FTP test. For example, the DOC inlet
takes 48.5 seconds to reach 200 ◦ C while the SCR outlet takes 513.4 seconds to reach
200 ◦ C. This behavior matches up with what is expected with Chi 9 operation with
a physical aftertreatment system.
Figure 2.7 shows similar tailpipe NOx behavior as the Alpha 1 baseline as well.
However, since the SCR reaches ideal temperatures more quickly due to Chi 9 operation, the tailpipe NOx curve separates from the engine out NOx curve approximately
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Figure 2.5. Predicted aftertreatment cumulative tailpipe NOx using
Cummins aftertreatment model. Alpha 1 baseline.

40 seconds sooner than the Alpha 1 baseline. Chi 9 operation also features lower
engine out NOx than Alpha 1, resulting in overall lower NOx numbers for the Chi 9
baseline.

2.2

Aftertreatment System Design and Part Selection

2.2.1

Test Cell CAD Creation

In order to design an aftertreatment system for the Cummins Power Laboratory
that was compatible with the 2010 Cummins ISB 6.7L Diesel Engine, computer-aided
design (CAD) software was utilized to create a viable system conﬁguration. For the
purposes of this work, Solidworks was chosen as the CAD software of choice.
The ﬁrst component that needed to be modeled was the test cell itself and any
contents of the test cell that could impact the aftertreatment system’s design. This
included the walls of the test cell, the engine block, the variable valve actuation
(VVA) system, the AC dynamometer, the drive shaft and drive shaft covering, a
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Figure 2.6. Predicted aftertreatment temperatures using Cummins
aftertreatment model. Chi 9 baseline.

Figure 2.7. Predicted aftertreatment cumulative tailpipe NOx using
Cummins aftertreatment model. Chi 9 baseline.

power cabinet, a cabinet containing servo ampliﬁers and hydraulic pump controls,
ceiling lighting, the exhaust piping, and a catwalk structure used to contain electrical
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wiring. For the sake of the model, approximations for complex components were used
to simplify the CAD model while still retaining the CAD model’s usefulness. These
approximations were used for the engine block, VVA system, and dynamometer in
particular.
Figure 2.8 shows the test cell CAD model that was created for this work. Table 2.1
shows the appropriate dimensions for each component modeled. Since the engine
block and VVA system are connected together, those two components were treated
as a single rectangular prism for sake of modeling. The rectangular prism contains
all components of the engine block and VVA system, including turbocharger, servos,
EGR cooler, etc. The dynamometer is also approximated as a rectangular prism,
with a separate prism used for the cooling fan on top of the dynamometer. Cabinets
were also approximated as rectangular prisms. Exhaust piping and the driveshaft
were both modeled as cylinders. The catwalk was modeled as accurately as possible
due to the possibility of using the catwalk structure to support some of the weight of
the future physical aftertreatment system.
It is important to note the placement of the existing exhaust piping in the test
cell. The existing exhaust piping was routed underneath the driveshaft in order
to ensure that the driveshaft could be accessed for routine maintenance or in the
event of a catastrophic failure. Piping was then routed suﬃciently high enough in
the test cell that personnel could walk underneath the piping without risk of injury.
These considerations must also be taken into account when designing the physical
aftertreatment system. Another important consideration is that major aftertreatment
components can not be placed in the same normal plane of the driveshaft: i.e., to the
upper left or lower right of the driveshaft in Figure 2.8. This is done with the goal of
reducing further test cell damage in the event of a catastrophic driveshaft failure.
Engine out analyzers are connected into the exhaust piping directly after the
turbocharger. This is the straight section of exhaust piping directly connected to the
Engine/VVA component of Figure 2.8.
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Figure 2.8. CAD model for test cell with appropriate structures.

For Table 2.1 , length (L) is measured in the x-direction, width (W) is measured
in the y direction, and height (H) is measured in the z direction. For the lighting
structure, this is taken as if the back face of the lighting structure was parallel to the
xy-plane.

2.2.2

Aftertreatment System CAD Design

The next step in the design process involved obtaining a list of aftertreatment
components that were compatible with a 2010 Cummins ISB engine. Due to the age
of the engine, this was limited to the components that Cummins was able to supply
to the team. The list of components sourced from Cummins and the options included
for each part is given in Table 2.2. For the ”Conﬁgurations” column, the naming
convention is as follows. ”I” and ”O” stand for ”inlet” and ”outlet”, respectively,
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Table 2.1. Dimensions for modeled components in Cummins Power Laboratory.
Component
Engine Block and VVA

Dimensions
26”L x 40.5”W x 68”H

Driveshaft 12” Diameter, 28.3” L
AC Dynamometer
Servo Cabinet

37”L x 59”W x 54.6”H
26”L x 46.5”W x 69.5”H

Power Cabinet 19.5”L x 72”W x 84”H
Lighting Structure

3x (10”L x 50”W x 4”H), 104” oﬀ ﬂoor

Catwalk Structure

102”L x 132”W x 1”H , 126” oﬀ ﬂoor

Exhaust Piping

283” (23.6’) of 4” Diameter Pipe

and ”E” and ”S” refers to ”end” and ”side”, respectively. Having an E(I/O) means
the inlet/outlet is located on the face of the cylindrical component (i.e., concentric
with the component), while a S(I/O) is an inlet/outlet located on the curved surface
of the cylindrical component (i.e., along the cylinder’s radius). ”D” refers to the
diameter of the elbow or clamps/gaskets. The Doser is the physical pump responsible
for providing diesel exhaust ﬂuid (DEF) to the decomposition reactor, where the urea
injector atomizes and injects the DEF into the exhaust stream prior to the SCR. An
example of this naming convention is given in Figure 2.9. This example component
has a ”side inlet” and an ”end outlet”, meaning it would be an SIEO component
under the above naming convention.
With this list of possible components, the goal was to create a viable aftertreatment system model that could satisfy the following criteria:
(1) Ability to switch between aftertreatment system and pre-aftertreatment exhaust
piping quickly and easily.
(2) Minimal changes in locations of analyzers, sensors, etc.
(3) Ease of access to all aftertreatment components for maintenance purposes.
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Table 2.2. Component Options for 2010 Compatible Aftertreatment System.
Component

Conﬁgurations

Orientation

DOC/DPF

EIEO, EISO, SIEO, SISO

Horizontal, Vertical

Decomp Reactor

EIEO

N/A

SCR

EIEO, EISO, SIEO, SISO

Horizontal, Vertical

Doser

N/A

N/A

Elbows

4”,5”,4” to 5” D

N/A

Clamps,Gaskets

4”,5” D

N/A

Figure 2.9. Example component following aftertreatment conﬁguration naming convention.

(4) All major components not in driveshaft plane in case of driveshaft failure.
(5) Able to be properly supported from ﬂoor and/or catwalk.
(6) Must satisfy a temperature drop speciﬁcation from the turbine outlet to the
inlet of the DOC. This speciﬁcation is provided by Cummins in terms of ◦ C.
More detail on this speciﬁcation is given below.
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Item 6 on this list of criteria is based on a Cummins speciﬁcation calculated
by a spreadsheet provided by Cummins. A picture of this spreadsheet is given in
Figure 2.10. This spreadsheet takes as input the turbine outlet temperature, the
temperature at aftertreatment inlet (DOC inlet for our system), the ambient air
temperature, and the exhaust ﬂow. To determine the temperature drop speciﬁcation
we could use without having a physical aftertreatment system, we took the below
process:
(1) Run at 1100 RPM / 300 ft-lbs steady state operation.
(2) Log exhaust ﬂow, ambient air temperature, turbine out temperatures.
(3) Using an infrared temperature reader, determine how many ◦ C the exhaust loses
per foot of pipe. This assumes that the pipe has reached thermal equilibrium
with the exhaust and that the exhaust pipe has inﬁnite thermal conductivity
(i.e., the temperature gradient on the pipe surface is the same as the temperature gradient of the exhaust). For the piping used in the test cell, this is a valid
assumption.
(4) Using the values from item (2), determine what value for aftertreatment inlet
temperatures fails the speciﬁcation.
(5) Take the calculated value for aftertreatment inlet temperature and use the measured temperature gradient from item (3) to determine how much exhaust piping
could be used between the turbine outlet and aftertreatment inlet.
This process led to the aftertreatment design requiring less than 48 inches (4 feet)
of exhaust piping between the turbine outlet and aftertreatment inlet in order to meet
the temperature drop speciﬁcation.
With these criteria in mind, several design iterations were discussed between the
team and Cummins. This included ”switchback” style designs along with designs
all in the same horizontal plane. After much consideration, the design modeled in
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Figure 2.10. Cummins temperature drop speciﬁcation spreadsheet.

Figure 2.11 was chosen as the ﬁnal design. All sections of piping that are colored
in red are piping sections that would have to be custom fabricated for the test cell
by Purdue’s machine shop. Gray components are directly ordered from Cummins.
The locations circled are where the aftertreatment system piping can be switched
back and forth between aftertreatment operation and no aftertreatment. From here
on out, the no-aftertreatment exhaust path will be referred to as the ”bypass” path.
These bypass locations are designed as such to avoid the use of T-valves that could
result in some leakage between exhaust paths.
This design features minimal piping between aftertreatment components, minimizing the amount of heat lost by the exhaust to the surrounding air. New exhaust
piping downstream of the SCR will be used for analyzer connections, ensuring analyzers do not need to be moved when using the aftertreatment system. The system will
be supported by a unistrut structure (not modeled) that is bolted into the concrete
ﬂoor of the test cell. U-clamps will be utilized to support aftertreatment components
from the catwalk, minimizing vibrations. Access to the dynamometer and driveshaft
is ensured. The design also only has 40 inches of exhaust piping between the turbine
outlet and DOC inlet, ensuring that the temperature drop speciﬁcation is satisﬁed.
Thus, all necessary criteria are satisﬁed with this design.

2.2.3

Aftertreatment System Parts Selection

With the design determined, the next step was to order parts from Cummins.
This included the necessary major aftertreatment components (DOC/DPF, SCR, de-
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Figure 2.11. Aftertreatment system ﬁnal CAD model.

composition reactor, doser) and any necessary elbows, clamps, and gaskets. Table 2.3
describes each part that was ordered from Cummins.
Other components were also needed for the aftertreatment system. These components were all acquired before the Cummins-provided components arrived. These
items are described below:
(1) Ammonia Scrubbers: Used to prevent ammonia from the DEF from entering the
various analyzers, which could cause problems with the analyzers’ operation.
(2) DEF Tank: Non-reactive tank for storing DEF. Preferably small enough to be
placed on unistrut structure without extending into test cell space. A 5-gallon
tank was decided on for this purpose.
(3) Unistrut: To create the structure necessary to support the weight of the aftertreatment system.
(4) Stainless Steel piping: Both 4” and 5” diameter
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Table 2.3. Aftertreatment System Parts List for Cummins.

(5) Sheet metal: Used as as a shield between the bottom of the aftertreatment
system and the dynamometer.
(6) U-clamps: Used to dampen vibrations in the aftertreatment system. Supported
by catwalk.
(7) DEF: Used for injection into the exhaust stream.

2.3

Aftertreatment System Implementation

2.3.1

Hardware Installation

Once all associated parts were received from either Cummins or other suppliers,
installation of the aftertreatment hardware in the test cell began. A high priority was
set on installing the aftertreatment hardware in such a way that engine testing did
not have to shut down completely during installation. This was achieved by working
on aftertreatment installation during times of the day where engine testing was not
possible due to lack of personnel or other reasoning.
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With the help of many students and the staﬀ of the Herrick Labs shop, aftertreatment hardware was successfully installed along with all associated structures and
components. Figures 2.12 and 2.13 show the aftertreatment hardware in the test cell.

Figure 2.12. Aftertreatment System in test cell.

Figure 2.13. Aftertreatment System in test cell.

One important aspect of the design was changed once the hardware was received.
This change involved the path of the exhaust bypass. Figure 2.14 shows the updated
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bypass location. Rather than have two locations of exhaust piping that required
manual changing, as it was in the original design shown in Figure 2.11, it was decided
that it was easier to re-orient the bypass so that only one location was adjusted. This
also removed the necessity for several extra feet of piping, as the exhaust bypass no
longer goes underneath the driveshaft, but rather well above it. While a consequence
of this change was that new analyzer ports for aftertreatment operation were moved
away from engine out locations, the analyzers themselves did not need to be moved
to compensate.
The aftertreatment system came with the following sensors as stock:
(1) Five (5) Thermistors: Located at the DOC inlet, DOC outlet, DPF outlet, SCR
inlet, and SCR outlet.
(2) Two (2) Delta Pressure Sensors: Located across the DPF and across the SCR.
Five thermocouples were also installed into the aftertreatment system, located
at the same locations as the thermistors. These thermocouples allowed for measurement of aftertreatment thermal response while the software side of the aftertreatment
system was implemented.

2.3.2

Software Implementation

In order to communicate with the ECM to enable the aftertreatmen system to be
used, Cummins-provided software called Calterm was used. This software allows the
user to make real-time changes to the calibration loaded onto the ECM. It also allows
for new calibrations to be downloaded onto the ECM and for ECM variables to be
logged separately from the dSPACE data acquisition system.
Before proceeding, two calibrations will be deﬁned and described for future reference:
(1) Operating Calibration: This ECM calibration was used for engine testing before
the aftertreatment system was acquired. This calibration had aftertreatment
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Figure 2.14. Updated bypass design.

capabilities, along with other parameters, removed by Cummins for research
purposes. Used from approximately 2013-2017.
(2) AT Calibration: An older, modiﬁed production calibration that had aftertreatment capabilities enabled. Used in approximately 2012.

2.3.2.1 Passive Operation
For several months after hardware installation, the operating calibration continued
to be used for engine testing while the AT calibration was found and troubleshooted.
This led to what is hereafter called ”passive operation”. Passive operation means that
while no urea is being injected and minimal communication between the aftertreatment system and the ECM is occurring, the engine can still be operated with exhaust
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going through the aftertreatment system. Thermocouples can be used to measure
the thermal response of the aftertreatment components, and the DPF delta pressure
sensor was connected into dSPACE to allow for determination of when DPF regeneration was required. DPF regeneration was determined using the calibration shown
in Table 2.4.
Table 2.4. DPF delta P calibration used for determining regeneration necessity.
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However, it was desired to see if it was possible to enable the aftertreatment thermistors using the operating calibration, due to the thermistors’ faster response and
being stock sensors. With the help of Cummins, the ECM parameters shown in Table 2.5 were identiﬁed and changed in Calterm. These values only enable the SCR
thermistors. Other thermistors were not able to be enabled with the operating calibration. However, this is still beneﬁcial for engine testing as having SCR thermistor
data allows for a more accurate simulation of SCR eﬃciency.
Table 2.5. Parameters to enable AT thermistors in operating calibration.
Parameter

Value

T ATM Enbl

1

T ATM SCR Enable

1

T AIM SCR In RLOC

29

T AIM SCR Out RLOC

19

Having temperature data, whether from thermocouples or thermistors, allows for
the temperature simulation portion of the AT model described earlier in this chapter
to be validated. This process will be discussed in Chapter 3. However, for passive
operation, the Eaton-provided model for SCR eﬃciency is still in use as the SCR is
not actively converting NOx , and thus tailpipe NOx results are predicted rather than
measured. For passive operation, both the SCR Inlet and SCR Outlet thermocouple temperatures will be used to calculate two diﬀerent predicted SCR eﬃciencies,
creating a ”band” of predicted tailpipe NOx . This is due to actual SCR catalyst
temperature not being measured along with the fact that the assumption that the
SCR catalyst temperature is the same as the SCR outlet temperature is not valid for
the physical aftertreatment system. This conclusion is explained in more detail in
section 2.3.4.
Further validation of passive operation over transient drive cycles will be discussed
in Chapter 3 of this work.
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2.3.2.2 Active Operation
Active operation of the aftertreatment system involves DEF being actively injected
into the exhaust stream upstream of the SCR, allowing the SCR to convert NOx and
tailpipe NOx to be measured directly, completely nullifying the need for the AT
model. Active operation is enabled by using the AT calibration on the ECM. At
the time of writing, the DEF doser has been veriﬁed as operational. The process for
validating DEF doser operation is described in the next section. Also, all thermistors
are operational with the AT calibration.

2.3.3

Urea Dosing Bucket Testing

In order to validate that the doser was operational, a ”Bucket Test” was performed.
This was done by running the engine with the AT calibration on the ECM and the
doser outputting into a bucket. The following test procedure was used:
(1) Start engine at idle conditions: 800 RPM, 50 ft-lbs. Start Calterm data log.
(2) Take engine to 1200 RPM, 300 ft-lbs. This point allows the SCR to reach
upwards of 300 ◦ C. At this temperature the doser should be operational, if the
doser is properly communicating with the ECM.
(3) If doser is operational and DEF injection is observed, bring engine back to idle
conditions and observe when dosing ends.
(4) Repeat as necessary.
Figure 2.15 shows the results of this test. This plot shows both SCR thermistor
values along with the average of the two temperatures. Active dosing is indicated by
the green shaded regions. As can be observed from this plot, the doser does become
enabled when the average SCR thermistor temperature reaches 200 ◦ C. It is important
to note that thermistors are being used here, as the thermistors are what the ECM
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uses. Additional thermocouples are only being used by the dSPACE data acquisition
system.

Figure 2.15. Plot showing doser valve turning on and oﬀ as SCR
temperatures rise and fall.

Further validation of the active aftertreatment operation under transient conditions will be discussed in Chapter 4 of this work.

2.3.4

SCR Catalyst Temperature Behavior

After some time, it was determined that the SCR thermal response was not responding as expected based on the aftertreatment model assumption that the catalyst
temperature was equal to the SCR outlet temperature. It was hypothesized that the
SCR catalyst bed took some time to cool down, leading to residual heat being present
for a drive cycle. This would lead to artiﬁcial rises in SCR outlet temperature that
would not correlate with the required boundary conditions for a cold start HD-FTP
drive cycle, i.e., that the aftertreatment temperature must be at room temperature.
To test this hypothesis, the following test procedure was used:
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(1) Allow the engine to soak for either 12 hours or 64 hours. All thermocouples
should read 25 ◦ C, i.e., room temperature.
(2) Use a portable air conditioning unit capable of maintaining 25 ◦ C air to send
cooled air through the aftertreatment system.
(3) Log the thermal response of the SCR outlet thermocouple. Observe any abnormalities.
The results of this test are shown in Figure 2.16. It is observed that the SCR
outlet thermocouple showed increased temperatures, approximately 10-15 ◦ C, for approximately 15 minutes before returning to room temperature. This means that the
cooled air being provided by the air conditioning unit is being heated up as it goes
through the SCR catalyst bed. Therefore, it is concluded that even after 64 hours of
soaking time, the SCR catalyst is still retaining heat or otherwise having some sort
of reaction with the cooled air. The actual cause of this issue is under investigation
at the time of writing, as it is not expected for an SCR system to retain heat for the
amount of time observed in this test.
As a result, two adjustments were necessary for aftertreatment operation. First,
cooled air is necessary to ﬂow through the aftertreatment system before any cold start
HD-FTP drive cycle can be performed. This is in order to ensure that the entire aftertreatment system is at room temperature and meets EPA standards for a cold start
HD-FTP. Second, this behavior also means that it is not logical to assume that the
SCR catalyst is the same temperature as the SCR outlet, as the aftertreatment model
assumes. Thus, when taking actual aftertreatment temperatures, SCR eﬃciency will
be calculated using both the SCR inlet and SCR outlet thermocouple temperatures,
creating a lower and upper bound on predicted cumulative tailpipe NOx , respectively.

43

Figure 2.16. Temperature of SCR outlet over time after varying
amounts of soaking.

2.4

Contributions
The process of installing the aftertreatment hardware could not have been achieved

without the help of the other graduate students on the team, the Herrick Labs shop,
and the welding team at the Mechanical Engineering shop. Their involvement made
installation a success.
Software implementation was successful due to the contributions and guidance
from Cummins. Without their assistance, the process of determining the proper
ECM calibrations for passive and active aftertreatment operations would have taken
considerably more time.

2.5

Summary of Aftertreatment Design and Implementation
To summarize this chapter, the aftertreatment system design process began with

creating a CAD model of the test cell using the Solidworks software. This allowed for
the aftertreatment system to easily be iterated upon as communication progressed
between the team and Cummins. A ﬁnal aftertreatment design was decided upon
that satisﬁed a set of criteria ensuring ease of transition between aftertreatment and
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non-aftertreatment operation and proper support from the test cell. Aftertreatment
parts were sourced both from Cummins and other suppliers as necessary.
Aftertreatment hardware was successfully installed with the assistance of the Herrick Labs shop and other graduate students in the team. Some changes were made
to the original design once hardware was installed. These changes included modiﬁcation of the exhaust bypass system and installation of additional thermocouples in the
aftertreatment system. Software implementation was achieved through the help of
Cummins and resulted in two modes of aftertreatment operation: passive and active
operation. Passive operation allows for the thermal response of the aftertreatment
system to be measured directly while using the Eaton-provided SCR eﬃciency model
to predict tailpipe NOx . Active operation means DEF is actively being injected into
the exhaust stream, allowing tailpipe NOx to be directly measured. DEF doser operation was veriﬁed by performing a bucket test. An issue with the thermal response of
the SCR catalyst bed was found and addressed by making changes to the HD-FTP
test procedure for the test cell.
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3. VALIDATION OF AFTERTREATMENT SYSTEM WITH PASSIVE
OPERATION
While the process of validating active urea injection was ongoing, drive cycle testing
proceeded with the aftertreatment system acting in passive operation. As a result, it
was necessary to validate the performance of the aftertreatment system by performing
several baseline drive cycles. This included an Alpha 1 baseline HD-FTP emissions
test and a Chi-9 baseline HD-FTP emissions test. These tests followed the procedure
described in Section 1.3.2. For the sake of discussion in this chapter, only the results
from the cold start will be shown. Full drive cycle data will be available in the
appendix of this work.

3.1

Alpha 1 HD-FTP Operation

3.1.1

Eﬀects on Aftertreatment Thermal Performance

For the Alpha 1 baseline HD-FTP, all thermocouples were logged so comparisons
to the aftertreatment model could be made. The results of this baseline test are
presented in Figure 3.1, focusing on SCR temperatures. It can be observed from
this plot that the SCR responds in a similar manner to what the AT model predicts.
However, it experiences signiﬁcantly more ”thermal lag” from the turbine outlet temperature. This increase in ”thermal lag” for the physical aftertreatment system is
also seen in the DOC and DPF thermal responses. The increase in thermal lag is
likely a combination of several eﬀects:
(1) Aftertreatment model underestimated the amount of thermal mass in the SCR.
This would lengthen the amount of time needed for the SCR to react to changes
in exhaust stream temperature.
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(2) Eﬀects of item (1) on the DOC and DPF would compound the eﬀects onto the
SCR. i.e. If the DOC responds slower, so does the DPF and SCR, and so on.
(3) Aftertreatment model overestimated the thermal conductivity of aftertreatment
components, leading to slower thermal response.
Though an increase in thermal lag is observed, it is important to note that both
the aftertreatment model and physical aftertreatment system reach nearly the same
temperatures by the end of the drive cycle. This leads to the conclusion that though
the aftertreatment model is not suitable for accurately predicting the thermal response
of the aftertreatment system, it is suitable for determining trends in thermal response.
Thus, the use of the aftertreatment to determine trends of aftertreatment thermal
response in order to determine future strategies is validated.
It is also important to note here the amount of time it takes the SCR outlet,
the tailpipe of the aftertreatment system, to respond to turbine outlet temperature
changes. For the Alpha 1 baseline, this reaction time is approximately 400 seconds, or
a third of the cold start drive cycle. This means that strategies that increase turbine
outlet temperature and exhaust ﬂow have much room to improve the SCR outlet
thermal response, and by extension the SCR catalyst bed temperature response.

Figure 3.1. SCR temperature response for both AT model and SCR
thermocouples. Alpha 1 Baseline.
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The comparison of all thermocouple temperatures to their respective aftertreatment model predictions is presented in Figure 3.2. Here, the model predictions are
shown with dashed lines, with the respective thermocouples with solid lines. It can
be observed from this plot that every component has more thermal lag than the aftertreatment model predicts, but the magnitude of the diﬀerence increases as one
goes further downstream. For example, the DOC responds only a few seconds later
than the model predicts, yet the SCR outlet responds more than 350 seconds later
than the model predicts. This is due to the error in the aftertreatment model being
compounded as one goes downstream.

Figure 3.2. All temperature responses for both AT model and SCR
thermocouples. Alpha 1 Baseline.

As mentioned in the previous chapter, the response of the SCR outlet temperature
after considerable soak times means it is important to calculate SCR eﬃciency using
both the SCR inlet and outlet thermocouple temperatures to generate a ”band” of
SCR eﬃciency. The SCR eﬃciencies for the Alpha 1 baseline test are presented in
Figure 3.3. If SCR inlet temperatures are used to determine SCR eﬃciency, then the
SCR is predicted to begin converting NOx almost 250 seconds earlier than if SCR
outlet temperatures were used to determine SCR eﬃciency. As expected, this will

48
have a sizable eﬀect on predictions for tailpipe NOx . This eﬀect is explained in detail
in the following section.

Figure 3.3. SCR eﬃciency response for both AT model and SCR
thermocouples. Alpha1 baseline.

3.1.2

Eﬀects on Emissions

As a reminder, the aftertreatment model assumes that the SCR catalyst bed is
at the same temperature as the SCR outlet. Therefore, for the sake of validating
the aftertreatment model and physical aftertreatment performance, the aftertreatment model’s prediction of tailpipe NOx was compared to the prediction of tailpipe
NOx based on the measured SCR outlet temperature response. The results of this
comparison are presented in Figure 3.4. As expected from the increased thermal
lag of the aftertreatment system as compared to the aftertreatment model’s predictions, the physical aftertreatment system has a higher predicted tailpipe NOx than
the aftertreatment model. The physical aftertreatment system’s prediction is approximately 21% higher than the aftertreatment model’s prediction. This is due to
the predicted SCR eﬃciency not responding to the turbine outlet temperature until
later in the drive cycle. However, the model’s trend of tailpipe NOx does match, and
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thus drawing conclusions by comparing the tailpipe NOx trends between diﬀerent
strategies is a valid approach.

Figure 3.4. Predicted tailpipe (TP) NOx using AT Model and SCR
outlet thermocouple. Alpha 1 baseline.

The eﬀect of using SCR inlet temperatures or SCR outlet temperatures to predict
SCR eﬃciency on tailpipe NOx predictions is presented in Figure 3.5. Using SCR
outlet temperatures results in an increase of 43% in predicted cumulative tailpipe
NOx over using SCR inlet temperatures. This is due to the slower thermal response
of the SCR outlet due to the high thermal mass of the SCR system. The size of
the band generated by using diﬀerent SCR temperatures due to the uncertainty of
the SCR catalyst temperature means it is crucial to validate active aftertreatment
operation so that tailpipe NOx can be directly measured.
Emissions results for UHC and particulate matter are not presented here due to
the respective analyzers not being moved to the exit of the aftertreatment system for
these tests.
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Figure 3.5. Predicted TP NOx using SCR inlet and SCR outlet SCR
eﬃciencies. Alpha 1 baseline.

3.2

Chi 9 HD-FTP Operation

3.2.1

Eﬀects on Aftertreatment Thermal Performance

As with the Alpha 1 baseline test, for the Chi 9 baseline test, all thermocouple values were logged for comparison to the aftertreatment model’s predictions for
aftertreatment thermal response. The results of this comparison are presented in
Figure 3.6, with a focus on SCR temperatures to reduce plot clutter. Similarly to
the Alpha 1 baseline test, SCR temperatures exhibit much more thermal lag than the
aftertreatment model predicts. This is due to the same set of details explained in the
Alpha 1 baseline section of this chapter. The model’s prediction for aftertreatment
temperature response and the physical aftertreatment system’s temperature response
converge towards the end of the drive cycle. As a result, we can conclude from this
baseline test that the aftertreatment model’s ability to predict trends in aftertreatment thermal response is valid, but is not able to accurately predict the speed of
thermal response in the aftertreatment system.
The temperature responses of all thermocouples in relation to their respective
aftertreatment model predictions is presented in Figure 3.7. Similarly to the Alpha
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Figure 3.6. SCR temperature response for both AT model and SCR
thermocouples. Chi 9 baseline.

1 baseline, the eﬀects of the error in the aftertreatment model are compounded as
one goes further downstream in the aftertreatment system. However, trends between
components are still captured by the aftertreatment model, even if the precision of
the aftertreatment model is lacking.

Figure 3.7. All temperature responses for both AT model and SCR
thermocouples. Chi 9 baseline.
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The diﬀerences in predicted SCR eﬃciency as a result of using either SCR inlet
thermocouple temperatures or SCR outlet thermocouple temperatures are presented
in Figure 3.8. Similarly to the Alpha 1 baseline, if the SCR inlet thermocouple
temperature is used to determine SCR eﬃciency, the simulated SCR begins converting
NOx approximately 260 seconds earlier than if SCR outlet thermocouple temperature
is used. This produces a large band in predicted tailpipe NOx that will be discussed
in the next section.

Figure 3.8. SCR eﬃciency response for both AT model and SCR
thermocouples. Chi 9 baseline.

3.2.2

Eﬀects on Emissions

The aftertreatment model’s prediction of tailpipe NOx is compared to the prediction of tailpipe NOx using the SCR outlet thermocouple temperatures in Figure 3.9.
Due to the increase of time needed for the physical SCR system to thermally respond
to turbine outlet temperature changes, the predicted tailpipe NOx is approximately
18% higher than the aftertreatment model’s prediction using predicted SCR temperature response. This is expected as the predicted SCR eﬃciency will be lower for
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the physical aftertreatment system due to the increased amount of thermal lag in the
system.

Figure 3.9. Predicted TP NOx using AT Model and SCR outlet
thermocouple. Chi 9 baseline.

Comparison between tailpipe NOx predictions using SCR inlet thermocouple temperatures or SCR outlet thermocouple temperatures is presented in Figure 3.10. Similarly to the Alpha 1 baseline test, using SCR outlet thermocouple temperatures results in approximately 42.1% higher predicted cumulative tailpipe NOx than using
SCR inlet thermocouple temperatures. Thus, the size of the NOx band is consistent
between the two baseline tests.

3.3

Repeatability of Passive Operation
It was also important to validate that the procedure used to run passive operation

HD-FTP drivecycles resulted in repeatability from day to day. In order to determine
whether results were repeatable, the Chi 9 baseline HD-FTP drive cycle test was run
multiple times over a course of several weeks. Afterwards, a statistical analysis was
done to determine the error percentages for the Chi 9 baseline. The results of this
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Figure 3.10. Predicted TP NOx using SCR inlet and SCR outlet
SCR eﬃciencies. Chi 9 baseline.

analysis would be used by the research group and sponsors to determine if result
repeatability was satisfactory.
In total, three Chi 9 baseline HD FTP drive cycles were performed. The normalized fuel consumption and predicted tailpipe NOx results from these tests are
presented below in Table 3.1. A statistical analysis of these results determined that
the percentage error on fuel consumption and predicted TPNOx was 0.54% and 6.34%
respectively. These values were deemed suitable by research sponsors for the purpose
of passive operation.
Table 3.1. Normalized fuel consumption and estimated TPNOx from
repeatability CHi 9 tests.
Fuel Consumption

TPNOx

1.028 .445
1.035 .395
1.039 .416
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3.4

Summary of Passive Operation
To summarize the ﬁndings of this chapter, the aftertreatment system was operated

in passive mode for both Alpha 1 and Chi 9 baseline HD-FTP drive cycle tests. Both
baseline tests resulted in concluding that the physical aftertreatment system had considerably more thermal lag than the aftertreatment model predicted. However, the
aftertreatment model is able to capture trends between aftertreatment components,
allowing for diﬀerent strategies to be correctly compared by the model. Uncertainty
in the temperature of the SCR catalyst bed led to a sizable band in tailpipe NOx
predictions, due to having to use both SCR inlet and SCR outlet thermocouple temperatures to generate lower and upper bounds on the actual tailpipe NOx . This
emphasizes the need to verify active aftertreatment operation in order to gain an actual measurement of tailpipe NOx . The veriﬁcation process of active aftertreatment
operation is discussed in Chapter 4.
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4. VALIDATION OF AFTERTREATMENT SYSTEM WITH ACTIVE
OPERATION
4.1

Changes to HD-FTP Operation for Active Operation
For the data presented in this chapter, some changes were made to the HD-

FTP procedure described in Section 1.3.2 and to locations of the emissions analyzers
described in Section 1.2.7. These changes are detailed in the following sections.

4.1.1

Changes to Procedure

In order to ensure that repeatable results are obtained while actively injecting
urea into the exhaust stream prior to the SCR, the aftertreatment system must be
”pre-conditioned” to ensure that the aftertreatment system has consistent boundary
conditions from day to day. Temperature boundary conditions in the aftertreatment
system were controlled in passive operation as described in Chapter 3. However, active
operation necessitates the need to keep the ammonia content in the SCR consistent
at the beginning of an HD-FTP drive cycle. This is required to ensure that NOx
measurements downstream of the SCR are consistent, as the amount of ammonia in
the SCR directly aﬀects this measurement.
Communication between the research team and Cummins occurred in order to
ensure that the pre-conditioning procedure used in the Cummins Power Laboratory
is consistent with Cummins’ pre-conditioning procedures used for HDFTP emissions
tests. This resulted in the following procedure:
(1) Start the engine. For this step, previous operation and initial conditions are
not relevant.
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(2) Run three (3) HD-FTP drive cycles with two-minute long breaks between each
drive cycle. These drive cycles all use the Chi 9 fuel injection proﬁle. These
cycles compose the ”pre-conditioning” of the aftertreatment and engine systems.
During the two-minute breaks between each pre-conditioning drive cycle, the
engine is running at loaded idle.
(3) Run an HD-FTP drive cycle emissions test using the procedure described in Section 1.3.2 once engine and aftertreatment systems are cooled down to ambient
temperature. The cool down time is normally done overnight.
Step (2) ensures that the amount of ammonia on the SCR catalyst is consistent
from data point to data point. In combination with controlled test cell conditions,
this ensures consistent boundary conditions from day to day.

4.1.2

Changes to Analyzers

In order to obtain measurements of emissions downstream of the SCR, two of the
analyzers previously located upstream of the aftertreatment system were moved to a
location downstream of the SCR. This included both all CAI analyzers (which use the
same sample line) and the Cambustion analyzers. NOx emissions at the engine outlet
are measured using the stock J1939 NOx sensor that is part of the Cummins ISB
engine. A diagram of the CAI and Cambustion analyzer locations for both passive
and active operation is presented in Figure 4.1.

4.2

Alpha 1 HD-FTP Operation
In order to validate aftertreatment performance during active dosing operation,

the same baseline HD-FTP drive cycles were performed as were performed in Chapter
3. This included an Alpha 1 baseline drive cycle and a Chi 9 baseline drive cycle. Both
thermal performance and NOx performance of the active drive cycles are compared
to the respective passive operation cases in the following sections.
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Figure 4.1. Analyzer locations for both passive and active operation.

Thermal performance comparisons in Section 4.2.1 will focus on the measured aftertreatment temperatures of the cold start in each HD-FTP drive cycle. Aftertreatment model results are not included due to the model being validated in Chapter
3. Emissions comparisons in 4.2.2 will focus on both the cold and hot start of each
HD-FTP drive cycle. However, there is a notable problem with the cold start active
HD-FTP NOx measurements. This problem is due to the analyzer set-up described
in 4.1.2. The stock J1939 NOx sensor on the engine requires a longer warm-up period
than the CAI and Cambustion analyzers, resulting in an undesired oﬀset in the cold
start NOx data. For the hot start, the J1939 sensor is already suﬃciently warmed up,
allowing for more intuitive comparisons to be made between measured engine NOx
and measured tailpipe NOx .
Emissions comparisons will concentrate on NOx . Particulate matter measurements remained at the aftertreatment inlet along with an issue with UHC measurements for these tests that was not able to be corrected before this work was written.

4.2.1

Eﬀects on Aftertreatment Thermal Performance

The temperature results for the Alpha 1 active HD-FTP drive cycle baseline test
are presented in Figure 4.2. A comparison to the respective Alpha 1 passive baseline
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is shown in Figure 4.3. In Figure 4.3, the lighter shaded lines refer to the passive
baseline test. The legend also refers to the passive baseline test as ”287”. Similarly,
the active baseline test is referred to as ”346”.

Figure 4.2. Temperature response for Alpha 1 Active Baseline HD-FTP cold start.

Figure 4.3. Temperature response comparison for passive and active
Alpha 1 baselines.

It can be concluded from both Figures 4.2 and 4.3 that the temperature response
of the aftertreatment system when urea is actively being injected into the exhaust
system is nearly identical to the temperature response during passive operation. This
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is expected, as the only diﬀerence in the aftertreatment system from passive to active
operation is the presence of a negligible amount of urea when compared to the overall
thermal mass of the aftertreatment system. The slight discrepancy in SCR outlet
temperature for the active dosing case is due to a respective slight discrepancy in the
turbine outlet temperature.

4.2.2

Eﬀects on Emissions

Measurements of engine out NOx (EONOx) and tailpipe NOx (TPNOx) for the
Alpha 1 baseline HD-FTP drive cycle cold start and hot start are presented in Figures 4.4 and 4.5, respectively. The tailpipe NOx measurements shown are from the
CAI NOx analyzer.

Figure 4.4. Engine and tailpipe NOx for Alpha 1 baseline HD-FTP cold start.

If we compare Figure 4.4 to Figure 3.4, we can see the behavior of the model’s
predicted tailpipe NOx and the measured tailpipe NOx are very similar. Thus, it
can be concluded that the aftertreatment model’s method of predicting tailpipe NOx
is validated, though the model will continue to predict much lower NOx due to the
presence of less thermal lag in the model.
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Figure 4.5. Engine and tailpipe NOx for Alpha 1 baseline HD-FTP hot start.

As expected, Figure 4.5 shows that the cumulative tailpipe NOx for the hot start
of the Alpha 1 baseline HD-FTP is low. This is due to the SCR catalyst still being
up to temperature after the 20 minute soak period, resulting in near peak eﬃciency
of NOx conversion as soon as the hot start begins.

4.3

Chi 9 HD-FTP Operation

4.3.1

Eﬀects on Aftertreatment Thermal Performance

The temperature results for the Chi 9 active HD-FTP drive cycle baseline test
are presented in Figure 4.6. A comparison to the respective Alpha 1 passive baseline
is shown in Figure 4.7. In Figure 4.7, the lighter shaded lines refer to the passive
baseline test. The legend also refers to the passive baseline test as ”333”. Similarly,
the active baseline test is referred to as ”348”.
As expected from the results of the Alpha 1 active baseline tests, the thermal
response of the active Chi 9 baseline agrees very well with the passive Chi 9 baseline.
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Figure 4.6. Temperature response for Chi 9 Active Baseline HD-FTP cold start.

Figure 4.7. Temperature response comparison for passive and active
Chi 9 baselines.

4.3.2

Eﬀects on Emissions

Measurements of engine out NOx (EONOx) and tailpipe NOx (TPNOx) for the
Chi 9 baseline HD-FTP drive cycle cold start and hot start are presented in Figures 4.8
and 4.9, respectively. The tailpipe NOx measurements shown are from the CAI NOx
analyzer.

63

Figure 4.8. Engine and tailpipe NOx for Chi 9 baseline HD-FTP cold start.

Figure 4.9. Engine and tailpipe NOx for Chi 9 baseline HD-FTP hot start.

Comparing Figure 4.8 to Figure 3.9 shows the aftertreatment model accurately
predicts the tailpipe NOx behavior of the Chi 9 baseline as well, though absolute
numbers are under-predicted as previously discussed in Chapter 3. Thus, the aftertreatment model is validated for Chi 9 active operation. Similarly to the Alpha 1
baseline, the cumulative tailpipe NOx for the hot start, shown in Figure 4.9, is very
low as expected.
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4.4

Summary of Active Operation
To summarize the ﬁndings of this chapter, the aftertreatment system was oper-

ated in active mode for both Alpha 1 and Chi 9 baseline HD-FTP drive cycle tests.
These baseline tests conﬁrmed that the thermal response of the aftertreatment system
during active operation is consistent with the observations discussed in Chapter 3.
These baseline tests also veriﬁed the aftertreatment model’s ability to predict tailpipe
NOx behavior, while verifying previous observations that the physical aftertreatment
system has considerably more thermal lag than the aftertreatment model predicts.
Repeatability for active operation was not able to be established due to time constraints. Thus, repeatability will be a focus of future work on this matter.
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5. SUMMARY AND FUTURE WORK
5.1

Summary
This thesis focused on the design and implementation of a physical aftertreatment

system and its validation of proper operation against a Cummins-acquired aftertreatment model. The aftertreatment model was validated by running baseline HD-FTP
drive cycles and communicating with Cummins over the model’s simulated thermal
response and tailpipe emissions. The aftertreatment system was designed using an
iterative process to ensure the aftertreatment system met all desires of the research
team and sponsors, while also minimizing impact on engine testing during installation. The physical aftertreatment system was tested and validated, in both passive
and active modes of operation, over baseline HD-FTP drive cycles. Repeatability was
established for passive operation. The Cummins Power Laboratory is now capable of
simulating and measuring aftertreatment thermal response and tailpipe emissions to
the satisfaction of Cummins and other research sponsors.

5.2

Future Work
Future work will involve running previously studied strategies over the HD-FTP

with active aftertreatment operation enabled in order to obtain measurements of
tailpipe NOx . These strategies include VVA-enabled strategies such as cylinder deactivation, internal exhaust gas recirculation, and alternate breathing strategies. Repeatability of the baseline Alpha 1 and Chi 9 drive cycles, along with any additional
strategies, will also be established. Once previously studied points have been tested,
research will expand into new areas based on the tailpipe emissions results obtained.
This will allow Cummins, Eaton Manufacturing, and the Purdue team to better pursue interesting and novel VVA-enabled strategies for meeting ever-increasing emis-
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sions regulations set on engine manufacturers by international environmental regulators.
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A. ADDITIONAL PASSIVE OPERATION PLOTS

Figure A.1. Aftertreatment temperature model predictions for passive hot start Alpha 1 baseline.
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Figure A.2. Aftertreatment temperature measurements for passive
hot start Alpha 1 baseline.

Figure A.3. Aftertreatment temperature model predictions for passive hot start Chi 9 baseline.
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Figure A.4. Aftertreatment temperature measurements for passive
hot start Chi 9 baseline.

Figure A.5. Exhaust ﬂow measurements for both passive Alpha 1
and Chi 9 baselines.
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B. ADDITIONAL ACTIVE OPERATION PLOTS

Figure B.1. All aftertreatment system temperatures for active Alpha
1 baseline HD-FTP.
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Figure B.2. All aftertreatment system temperatures for active Chi 9
baseline HD-FTP.

Figure B.3. Comparison between passive and active Alpha 1 baseline
HD-FTP temperature responses.
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Figure B.4. Comparison between passive and active Chi 9 baseline
HD-FTP temperature responses.

